Two new uranyl compounds were hydrothermally synthesized employing piperazine as an organic templating agent. The piperazine was protonated in-situ by phosphorous acid, forming the piperazinium dication featured in these compounds. The two new structures presented here are a uranyl phosphite 2D sheet and a 3D uranyl mixed phosphite-phosphate network with cation occupied channels. Both included strong hydrogen bonding from the piperazinium cation to the uranyl phosphite or mixed phosphite-phosphate network. These two structures can be reliably formed through careful control of pH of the starting solution and the reaction duration. The piperazinium uranyl phosphite compound was the latest in a family of uranyl phosphites, and demonstrates the structural versatility of this combination. The mixed phosphite-phosphate compound builds on hydrothermal redox chemistry, illustrating the variety of compounds that can be isolated by exploiting in-situ redox processes to elucidate new uranium structure types.
Introduction
Nuclear waste associated with energy production poses potential long-term hazards due to the vast quantities of nuclear material used in the industry. Actinide phosphates or phosphate additives have gained interest as potential storage forms to diminish the transport of actinides in the environment, owing to their generally low solubility [1] [2] [3] [4] [5] . Limiting the mobility of uranium in the environment is important with regards to waste storage in a geologic repository to diminish environmental impact. In addition to using ligands that generate low solubilities, such as phosphate, another method for limiting the solubility and subsequent transport of uranium is reducing the oxidation state of uranium from the ubiquitous U(VI) to generally less soluble U(IV).
The phosphite anion, HPO 3 2− , has a tetrahedral geometry with the phosphorus atom bound by three oxygen atoms and one hydrogen atom. Here the central phosphorus atom is in a lower P(III) oxidation state, compared to the typical P(V) observed in phosphate, and allows for potentially useful redox chemistry to occur. Phosphite has 3m (or C 3v ) point group symmetry and is a fairly strong data integration including Lorentz and polarization corrections. The structure was initially solved using SHELXT Intrinsic Phasing and refined using SHELXL [36, 37] . Olex2 was used as a graphical interface [38] . The different renderings of the above compounds were made using CrystalMaker ® for Windows, version 9.2.9.48, as described in Reference [39] . Crystallographic information for all obtained phases is summarized in Table 1 . Atom coordinates and their displacement parameters are listed in Tables 2 and 3 , with selected bond lengths shown in Table 4 . Selected hydrogen bonding information from the piperazinium dication to the anion network is shown in Table 5 . Additional structural information were provided in the Supplementary Materials (CIF's). Note: The refinement of Compound 2 has some higher than expected refinement values in wR, S, and residual peaks due to minor twinning and minor disorder of the phosphite ligand groups, neither of which could be cleanly modelled in structure refinement. UV-vis-NIR Spectroscopy. UV-vis-NIR data were acquired from single crystals using a Craic Technologies microspectrophotometer. Crystals were placed on quartz slides under Krytox oil, and the data were collected at 200 to 1400 nm. The exposure time was auto optimized by the Craic software. The characteristic peaks for the U 6+ are listed with the acquired spectra and pictures of the crystals are shown in Appendix A (see Figure A1 ), as in References [40, 41] . 
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29 (6) 34 (7) 20 (6) 4 (5) 0(5) Figure 1 . Similar to previous studies, by keeping the reaction time short (2 h) the redox reaction between phosphorous acid and UO 2 2+ can be prevented and a uranyl phosphite compound can be isolated. Here the uranyl phosphite sheets of (1) have a rather unique topology amongst uranyl phosphite compounds. Each square bipyramid of U(VI) has four corner-sharing phosphite units in an interrupted autunite-type sheet. Unlike other members of the autunite family, where the tetrahedral anion shares each of its oxygen with square bipyramidal U(VI) polyhedra [32, 34] , here the proton on the phosphite ligand still points into the sheet but prevents any further bonding. This sheet topology had some similarities to another relative of the autunite family-K 4 UO 2 (PO 4 ) 2 [43] . Compound (1) appeared as a lower symmetry version of K 4 UO 2 (PO 4 ) 2 with the hydrogen atoms on the phosphite allowing for the uranyl square bipyramids to be slightly askew instead of aligned in the sheet causing symmetry disruption. Like K 4 UO 2 (PO 4 ) 2 , (1) is anhydrous, but here the sheets were held together by hydrogen bonding from the piperazinium dication. The non-bridging oxygen atoms on the phosphites worked in conjunction with the "yl" oxygen of the uranyl unit to terminate the sheet and provide the source of hydrogen bonding. The one crystallographically unique uranium exhibited a square bipyramidal geometry, with the terminal U=O bonds of the UO 2 2+ unit having bond lengths of 1.785(2) Å. The average U-O bond length for the four equatorial oxygen atoms was 2.274(2) Å. The one crystallographically unique phosphite ligand contained two types of oxygen atom: Two µ 2 -bridging oxygen atoms and one terminal oxygen atom. The average P-O bond length in phosphite was 1.518(2) Å, with the terminal bond lengths being slightly shorter than that of the bridging oxygen. The bond valence sum (BVS ;  Table A1 ) calculations yielded a value of 5.942 for the uranium center, and 4.066 for the phosphorus in phosphite [29, [44] [45] [46] . These observed bond lengths and BVS values are quite normal for both square bipyramidal uranium(VI) and phosphite. As stated previously, the one terminal oxygen on the phosphite unit participated in fairly strong hydrogen bonding to the charge balancing piperazinium dications found between the sheets of uranyl phosphite. In the reaction, the stronger phosphorous acid was able to transfer its acidic protons to piperazine to protonate both nitrogen atoms and create the piperazinium dication. This dication has been observed in different organic and inorganic structures [47] [48] [49] [50] [51] [52] and has been previously used as an organic templating agent [53] . In the structure of (1), the nitrogen protons (H1A and H1B) on the piperazinium both showed strong hydrogen bonding to O(2) on the phosphite anion at~1.89 Å each. Figure 2 depicts these hydrogen bonding interactions. The piperazinium cations hold the sheets together via hydrogen bonding, thereby eliminating the need for crystallographic waters of hydration to do the same. Crystals of (1) were quite large, as shown in Figure A1 (inset top) in the Appendix A. When performing BVS calculations on the oxygen atoms, this terminal oxygen does not appear complete unless one considers this strong hydrogen bonding interaction [54] , which raises its sum from 1.406 to a more reasonable 1.957. Comparing the piperazinium cation to a recent crystal structure of piperazine [55] , showed similar C-C bond distances and some lengthening of the C-N bond by~0.05 Å, commonly observed for other piperazinium cations.
redox reaction between phosphorous acid and UO2 2+ can be prevented and a uranyl phosphite compound can be isolated. Here the uranyl phosphite sheets of (1) have a rather unique topology amongst uranyl phosphite compounds. Each square bipyramid of U(VI) has four corner-sharing phosphite units in an interrupted autunite-type sheet. Unlike other members of the autunite family, where the tetrahedral anion shares each of its oxygen with square bipyramidal U(VI) polyhedra [32, 34] , here the proton on the phosphite ligand still points into the sheet but prevents any further bonding. This sheet topology had some similarities to another relative of the autunite family-K4UO2(PO4)2 [43] . Compound (1) appeared as a lower symmetry version of K4UO2(PO4)2 with the hydrogen atoms on the phosphite allowing for the uranyl square bipyramids to be slightly askew instead of aligned in the sheet causing symmetry disruption. Like K4UO2(PO4)2, (1) is anhydrous, but here the sheets were held together by hydrogen bonding from the piperazinium dication. The nonbridging oxygen atoms on the phosphites worked in conjunction with the "yl" oxygen of the uranyl unit to terminate the sheet and provide the source of hydrogen bonding. The one crystallographically unique uranium exhibited a square bipyramidal geometry, with the terminal U=O bonds of the UO2 2+ unit having bond lengths of 1.785(2) Å. The average U-O bond length for the four equatorial oxygen atoms was 2.274(2) Å. The one crystallographically unique phosphite ligand contained two types of oxygen atom: Two μ2-bridging oxygen atoms and one terminal oxygen atom. The average P-O bond length in phosphite was 1.518(2) Å, with the terminal bond lengths being slightly shorter than that of the bridging oxygen. The bond valence sum (BVS ;  Table A1 ) calculations yielded a value of 5.942 for the uranium center, and 4.066 for the phosphorus in phosphite [29, [44] [45] [46] . These observed bond lengths and BVS values are quite normal for both square bipyramidal uranium(VI) and phosphite.
As stated previously, the one terminal oxygen on the phosphite unit participated in fairly strong hydrogen bonding to the charge balancing piperazinium dications found between the sheets of uranyl phosphite. In the reaction, the stronger phosphorous acid was able to transfer its acidic protons to piperazine to protonate both nitrogen atoms and create the piperazinium dication. This dication has been observed in different organic and inorganic structures [47] [48] [49] [50] [51] [52] and has been previously used as an organic templating agent [53] . In the structure of (1), the nitrogen protons (H1A and H1B) on the piperazinium both showed strong hydrogen bonding to O(2) on the phosphite anion at ~1.89 Å each. Figure 2 depicts these hydrogen bonding interactions. The piperazinium cations hold the sheets together via hydrogen bonding, thereby eliminating the need for crystallographic waters of hydration to do the same. Crystals of (1) were quite large, as shown in Figure A1 (inset top) in the Appendix. When performing BVS calculations on the oxygen atoms, this terminal oxygen does not appear complete unless one considers this strong hydrogen bonding interaction [54] , which raises its sum from 1.406 to a more reasonable 1.957. Comparing the piperazinium cation to a recent crystal structure of piperazine [55] , showed similar C-C bond distances and some lengthening of the C-N bond by ~0.05 Å, commonly observed for other piperazinium cations. Here the one crystallographically unique phosphite ligand is shown in its coordination to the square bipyramid of uranium, and its hydrogen bonding to the piperazinium dications. O(2) is the terminal oxygen on phosphite and shows two strong hydrogen bond interactions to H1A and H1B. Color Scheme: U-yellow, phosphorus-purple, oxygen-red, carbon-black, nitrogen-black, and hydrogen-light pink.
Compound (1) adds to the family of uranyl phosphite compounds. Structural information for uranyl phosphite compounds with monovalent and divalent cations is summarized in Table 6 (Note: Uranyl phosphite compounds with a secondary ligand and/or organically templated with no cation present have not been included for brevity). Included in the table are unit cell and structural comparisons; they are also grouped by structure type. These structure types are visually represented Here the one crystallographically unique phosphite ligand is shown in its coordination to the square bipyramid of uranium, and its hydrogen bonding to the piperazinium dications. O(2) is the terminal oxygen on phosphite and shows two strong hydrogen bond interactions to H1A and H1B. Color Scheme: U-yellow, phosphorus-purple, oxygen-red, carbon-black, nitrogen-black, and hydrogen-light pink. Compound (1) adds to the family of uranyl phosphite compounds. Structural information for uranyl phosphite compounds with monovalent and divalent cations is summarized in Table 6 (Note: Uranyl phosphite compounds with a secondary ligand and/or organically templated with no cation present have not been included for brevity). Included in the table are unit cell and structural comparisons; they are also grouped by structure type. These structure types are visually represented in Figure 3 , with Compound (1) listed as structure type (a). Structure types (b)-(f) are sheet topologies with either K + , Rb + , Cs + , Tl + , or Ca 2+ charge balancing the layers. Structure types (g) and (h) are both 1D chains of uranyl phosphite with Sr 2+ and Ba 2+ , respectively, which feature either corner-or edge-sharing between uranyl polyhedra.
Topology types (b)-(e) are 2D uranyl phosphite sheet topologies with monovalent cations, where the equatorial vertex of the uranyl polyhedra connects to a phosphite ligand via a µ 2 -bridging oxygen. Structure type (e) also contained uranyl polyhedra with a terminal oxygen atom in the equatorial plane. While structure types (b), (d), and (e) each contained only pentagonal bipyramidal U(VI), structure type (c) had both square and pentagonal bipyramidal U(VI). In terms of the phosphite ligands, structure types (c) and (e) contained phosphite ligands that only had µ 2 -bridging oxygen atoms; whereas in (b) and (d), the phosphites contained both µ 2 -bridging oxygen atoms and terminal oxygen atoms (please note that the terminal P-O bond distances in RbUH 2 PO 3 , CsUH 2 PO 3 , and TlUH 2 PO 3 in the table appear to be longer than the other terminal P-O bonds, as they are protonated).
When looking at the divalent cations, we began to see divergence in the sheet topology starting with Ca 2+ . Here the calcium cations resided in open pockets of the sheet, which constrained the phosphite ligand and forced an edge-sharing interaction between the uranyl polyhedra and the phosphite ligands. The disorder observed in this Ca 2+ cation position and its structure type were discussed in the original work [56] . Moving down the alkaline earth metals to Sr 2+ and Ba 2+ yielded 1D chain structure types (g) and (h). Chain (g) contained repeating edge-sharing dimers of pentagonal bipyramids of uranium with both corner-and edge-sharing phosphite ligands. These phosphite ligands contained both µ 2 -bridging and terminal oxygen atom types. Chain (h) had repeating corner-sharing dimers of uranyl pentagonal bipyramids, with an unusually constrained phosphite ligand wedged into the dimer. This odd phosphite coordination, where it was edge-sharing to two different uranyl polyhedra, yielded a unique µ 3 -bridging phosphite oxygen atom.
Lastly, Compound (1) was different in that it had a dication (piperazinium) balancing the charge, but it contained a sheet topology more similar to that of the monovalent cations. This (a) structure type, contained only square bipyramids of uranium(VI) with each equatorial oxygen bridges to a different phosphite ligand. These phosphites contained both terminal and µ 2 -briding oxygen types. It is possible that the more flexible nature of the piperazinium, as compared to the larger alkaline earth cations, allowed for sheet topology to form in a slightly altered autunite-type sheet. In general, for the listed compounds, the axial U=O bond lengths and the equatorial U-O bond lengths fell very much in-line with other uranyl polyhedra of either square or pentagonal bipyramidal geometries, and the P-O bond lengths observed in the phosphite ligands were quite common distances for bound phosphite ligands. This Work SBP = Square Bipyramids; PBP = Pentagonal Bipyramids; η = terminal oxygen; µ 2 = bridging oxygen with two bonds; µ 3 = bridging oxygen with three bonds.
Minerals
(g) (h) Figure 3 . The eight different uranyl phosphite structure types are shown. The letter label corresponds with the "Structure Type" shown in Table 6 . Labels (a)-(f) are all sheet topologies, whereas (g) and (h) are chains. (Please note images (c)-(h) are adapted from their original publication. (c) and (d) adapted with permission from Villa et al. [16] . (e) adapted with permission from Villa et al. [18] . (f)-(h) adapted from Villa et al. [56] .
[(H2PZ)Cs][(UO2)2(HPO3)2(PO4)]
When the reaction temperature was raised from 175 °C to 200 °C and the time was extended from 2 h to 6 h, the first signs of oxidation could be observed in the product [(H2PZ)Cs][(UO2)2(HPO3)2(PO4)] (2). As shown in Figure 4 , this product is an open framework structure with both piperazinium and cesium cations in the cavities, which are perpendicular to the ac-plane. Again, the pH was low enough to cause the piperazine to be protonated in solution, and with the extended heating time, some oxidation of phosphite to phosphate was observed. This 3D framework was made up of isolated pentagonal bipyramids of uranium(VI) linked together via phosphite and phosphate ligands. Both two crystallographically unique uranium polyhedra had three corner-sharing interactions with phosphite, and one edge-sharing interaction with phosphate. These edge-sharing phosphate ligands caused a 180° rotation in the uranyl polyhedra relative to each other; two of these [(UO2)2(HPO3)2(PO4)] units then formed the long edge of the cavity. This oblong area measured approximately 18.3 Å × 3.2 Å, measured between phosphate oxygen and uranyl oxygen, respectively, (Figure 4a) , and contains both the piperazinium cations and one of the crystallographically unique cesium cations; the other resides in a small channel between phosphite ligands. Table 6 . Labels (a)-(f) are all sheet topologies, whereas (g) and (h) are chains. (Please note images (c)-(h) are adapted from their original publication. (c) and (d) adapted with permission from Villa et al. [16] . (e) adapted with permission from Villa et al. [18] . (f)-(h) adapted from Villa et al. [56] .
[(H 2 PZ)Cs][(UO 2 ) 2 (HPO 3 ) 2 (PO 4 )]
When the reaction temperature was raised from 175 • C to 200 • C and the time was extended from 2 h to 6 h, the first signs of oxidation could be observed in the product [(H 2 PZ)Cs][(UO 2 ) 2 (HPO 3 ) 2 (PO 4 )] (2). As shown in Figure 4 , this product is an open framework structure with both piperazinium and cesium cations in the cavities, which are perpendicular to the ac-plane. Again, the pH was low enough to cause the piperazine to be protonated in solution, and with the extended heating time, some oxidation of phosphite to phosphate was observed. This 3D framework was made up of isolated pentagonal bipyramids of uranium(VI) linked together via phosphite and phosphate ligands. Both two crystallographically unique uranium polyhedra had three corner-sharing interactions with phosphite, and one edge-sharing interaction with phosphate. These edge-sharing phosphate ligands caused a 180 • rotation in the uranyl polyhedra relative to each other; two of these [(UO 2 ) 2 (HPO 3 ) 2 (2): (a) The 3D framework structure of (2) is shown in the ac-plane, where the oblong channels can be observed; (b) These channels are fairly narrow when viewed in the bc-plane (the piperazinium cations are omitted for clarity). Color scheme is the same as in Figure 1 , save the cesium cations shown in light grey and the phosphate anions shown in bluegrey.
Both U(VI) polyhedra were observed to be pentagonal bipyramidal in geometry. The "yl" bonds in the UO2 2+ units had an average bond length of 1.794(9) Å; whereas, the average U-O bond length for the five equatorial oxygen atoms was 2.390(8) Å. The two crystallographically unique phosphite ligands now contained only μ2-bridging oxygen atoms. The average P-O bond length in the phosphite anions was 1.522(9) Å. By comparison, the average P-O bond length in the phosphate ligand was 1.543(9) Å. Again, these U-O bond lengths were normal for pentagonal bipyramidal uranium, phosphite, and phosphate. The BVS calculations yielded a value of 5.918 and 5.898 for the two uranium centers, 3.996 and 4.047 for the phosphorus atoms in the two phosphite ligands, and 4.721 for the phosphorus in the one crystallographically unique phosphate ligand. The value for the phosphate was slightly low, as the P-O bond lengths were somewhat longer than expected. This was most likely due to its coordination to the two uranyl units, but these four oxygen atoms also had fairly short hydrogen bonding interactions to the piperazinium cations. As shown in Table 5 , each oxygen atom on the phosphate ligand, O7-O10, had fairly short hydrogen bonding interactions to piperazinium cations; interestingly, the phosphate-piperazinium interactions were not through the nitrogen bound hydrogen atoms but through the hydrogen atoms bound to carbon. When these were taken into account, the BVS values for these four oxygen atoms were all close to a value of 2 (Table  A2) .
Lastly, if these reaction conditions are repeated and the reaction is heated for longer than two days, the only product that was isolated was a cesium uranium(IV) phosphate structure, Cs[U(PO4)(HPO4)x(HPO3)1−x], which has been reported previously [16] . This structure represents the complete transition from uranyl phosphite observed in (1) to the uranyl mixed phosphite-phosphate observed in (2) to a completely redox reacted uranium(IV) phosphate. To date, we have not been able to isolate a mixed valent uranium compound with piperazinium cations.
Conclusions
In this study, we have presented two new uranyl compounds created via hydrothermal syntheses that make use of the piperazinium dication as a templating agent. This cation is formed through in-situ protonation of piperazine molecule by phosphorous acid. By controlling both the starting pH of the solutions and the reaction time, we were able to successfully synthesize a piperazinium uranyl phosphite compound with a 2D sheet topology and a cesium-piperazinium uranyl phosphite-phosphate compound, which forms a 3D network. As has been previously observed, by keeping the reaction time short, the redox process can be prevented and a uranyl phosphite product can be isolated. The isolation of this compound has added to the uranyl phosphite (2): (a) The 3D framework structure of (2) is shown in the ac-plane, where the oblong channels can be observed; (b) These channels are fairly narrow when viewed in the bc-plane (the piperazinium cations are omitted for clarity). Color scheme is the same as in Figure 1 , save the cesium cations shown in light grey and the phosphate anions shown in blue-grey.
Both U(VI) polyhedra were observed to be pentagonal bipyramidal in geometry. The "yl" bonds in the UO 2 2+ units had an average bond length of 1.794(9) Å; whereas, the average U-O bond length for the five equatorial oxygen atoms was 2.390(8) Å. The two crystallographically unique phosphite ligands now contained only µ 2 -bridging oxygen atoms. The average P-O bond length in the phosphite anions was 1.522(9) Å. By comparison, the average P-O bond length in the phosphate ligand was 1.543(9) Å. Again, these U-O bond lengths were normal for pentagonal bipyramidal uranium, phosphite, and phosphate. The BVS calculations yielded a value of 5.918 and 5.898 for the two uranium centers, 3.996 and 4.047 for the phosphorus atoms in the two phosphite ligands, and 4.721 for the phosphorus in the one crystallographically unique phosphate ligand. The value for the phosphate was slightly low, as the P-O bond lengths were somewhat longer than expected. This was most likely due to its coordination to the two uranyl units, but these four oxygen atoms also had fairly short hydrogen bonding interactions to the piperazinium cations. As shown in Table 5 , each oxygen atom on the phosphate ligand, O7-O10, had fairly short hydrogen bonding interactions to piperazinium cations; interestingly, the phosphate-piperazinium interactions were not through the nitrogen bound hydrogen atoms but through the hydrogen atoms bound to carbon. When these were taken into account, the BVS values for these four oxygen atoms were all close to a value of 2 (Table A2) . Lastly, if these reaction conditions are repeated and the reaction is heated for longer than two days, the only product that was isolated was a cesium uranium(IV) phosphate structure, Cs[U(PO 4 )(HPO 4 ) x (HPO 3 ) 1−x ], which has been reported previously [16] . This structure represents the complete transition from uranyl phosphite observed in (1) to the uranyl mixed phosphite-phosphate observed in (2) to a completely redox reacted uranium(IV) phosphate. To date, we have not been able to isolate a mixed valent uranium compound with piperazinium cations.
In this study, we have presented two new uranyl compounds created via hydrothermal syntheses that make use of the piperazinium dication as a templating agent. This cation is formed through in-situ protonation of piperazine molecule by phosphorous acid. By controlling both the starting pH of the solutions and the reaction time, we were able to successfully synthesize a piperazinium uranyl phosphite compound with a 2D sheet topology and a cesium-piperazinium uranyl phosphite-phosphate compound, which forms a 3D network. As has been previously observed, by keeping the reaction time short, the redox process can be prevented and a uranyl phosphite product can be isolated. The isolation of this compound has added to the uranyl phosphite family and allowed for a discussion of the known uranyl phosphite compounds with monovalent and divalent cations.
However, when the reaction time is extended, the reaction then yields the mixed a phosphite-phosphate compound. This illustrates the effectiveness of utilizing the in-situ redox technique; moreover, the use of piperazine and phosphorous acid led to the in-situ formation of piperazinium cations to create new, open uranyl networks. From this study, we hope to continue to explore this dynamic process to be able to isolate mixed valent uranium species with piperazinium. Figure A1 . UV-vis-NIR spectra for both Compound (1) and (2) showing the characteristic peaks for U(VI) between 370-500 nm. Inset photos show the crystalline phases obtained for both compounds. The top photo is of compound (1) and the bottom photo is of compound (2) . Figure A1 . UV-vis-NIR spectra for both Compound (1) and (2) showing the characteristic peaks for U(VI) between 370-500 nm. Inset photos show the crystalline phases obtained for both compounds. The top photo is of compound (1) and the bottom photo is of compound (2). 
